Inflammation is an event in innate immunity that is mostly mediated by activated macrophages or monocytes. Upon pathogenic invasion, macrophages play a central role in producing soluble factors such as proinflammatory cytokines (e.g., interleukin-1 and tumor necrosis factor-a) or inflammatory mediators [nitric oxide (NO) and prostaglandin E 2 (PGE 2 )] to boost initial defenses. Although this immune mechanism is a natural response, over-activated states of inflammation are obviously linked to numerous immunopathological symptoms such as autoimmune diseases, infectious diseases, cancer, and atherosclerosis.
cal controversy as to whether it is beneficial or adverse to human health. Even though coffee increases blood cholesterol levels, blood pressure, and hypersecretion of gastric juice via its major component, caffeine, various polyphenolic compounds such as kahweol, cafestol, and hydroquinone have beneficial effects. [7] [8] [9] [10] [11] [12] [13] For example, diterpene compounds such as kahweol and cafestol selectively arrest hepatic cancer cell proliferation. 8) Moreover, these compounds have anti-inflammatory properties. 8, 10, 14, 15) It has been reported that kahweol is capable of inhibiting PGE 2 production by suppressing NF-kB activation. 15) In this paper, LPS-induced activation of NF-kB was found to be suppressed by kahweol by preventing inhibitory kB (IkB) degradation and inhibiting IkB kinase activity. 15) By careful investigation on additional pharmacology of kahweol, we found that kahweol could block the production of inflammatory mediators by suppressing STAT-1, an important pathway activated by JAK2 under the stimulation of LPS or interferon (IFN)-a/b. 16, 17) Therefore, to expand understanding of the role played by coffee-derived kahweol, we investigated the modulatory role of this compound on LPS-mediated JAK2/STAT-1 relevant signaling pathways.
MATERIALS AND METHODS
Materials Coffee-derived diterpene (kahweol) (Fig. 1 , purity: 99%) and (LPS, Escherichia coli 0111:B4) were purchased from Sigma (St. Louis, MO, U.S.A.). AG490, piceatannol, and LY294002 were obtained from Calbiochem (La Jolla, CA, U.S.A.). Fetal bovine serum (FBS) was obtained from GIBCO (Grand Island, NY, U.S.A. Diterpene kahweol, one of the major components in coffee, has anti-cancer, anti-oxidative, and anti-inflammatory activity. In this study, we explored the molecular mechanism of the anti-inflammatory activity of kahweol. Lipopolysaccharide (LPS)-activated RAW264.7 cells were used to explore the modulatory role of kahweol on nitric oxide (NO) and prostaglandin E 2 (PGE 2 ) production and the activation of signaling proteins and transcription factors using immunoblotting and reverse transcription-polymerase chain reaction (RT-PCR). Kahweol diminished both the production of NO and PGE 2 Cell Culture RAW264.7 cells (American Type Culture Collection, Rockville, MD, U.S.A.) were maintained in complete RPMI1640 medium (supplemented with 100 U/ml of penicillin and 100 mg/ml of streptomycin, and 10% fetal bovine serum).
NO and PGE 2 Production
The inhibitory effects of kahweol on NO and PGE 2 production were determined as previously described. 18) Kahweol solubilized with a dimethyl sulfoxide (DMSO) was diluted with RPMI1640. RAW264.7 cells (2ϫ10 6 cells/ml) were incubated with LPS (1 mg/ml) in the presence or absence of kahweol for 24 h. Supernatants were assayed for NO, and PGE 2 contents using Griess reagent, and PGE 2 EIA (Amersham, Little Chalfont, Buckinghamshire, U.K.).
MTT Assay (Colorimetric Assay) for Measurement of Cell Proliferation The cytotoxicity of kahweol and AG490 was determined by a conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously reported. 19) Determination of LPS-Inducible Inflammatory Gene Expression For the evaluation of iNOS and COX-2 mRNA expression levels, the total RNA from the LPS treated-RAW264.7 cells (5ϫ10 6 cells/ml) was prepared by adding TRIzol Reagent (Gibco BRL) according to the manufacturer's protocol, as reported previously. 20) The primers (Bioneer, Seoul, Korea) used in this experiment were: COX-2 (F-5Ј-CACTACATCCTGACCCACTT-3Ј and R-5Ј-ATGC-TCCTGCTTGAGTATGT-3Ј); iNOS (F-5Ј-CCCTTCCGAA-GTTTCTGGCAGCAGC-3Ј and R-5Ј-GGCTGTCAGAGCC-TCGTGGCTTTGG-3Ј); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (F-5Ј-CACTCACGGCAAATTCAA-CGGCAC-3Ј and 5Ј-GACTCCACGACATACTCAGCAC-3Ј).
Immunoblotting For total protein extraction, RAW 264.7 cells were harvested, washed with cold phosphate buffered saline (PBS), and lysed in lysis buffer (20 mM TrisHCl, pH 7.4, 2 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ethylene glycol bis(2-aminoethylether)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 50 mM b-glycerophosphate, 1 mM sodium orthovanadate, 1 mM dithiothreitol, 1% Triton X-100, 10% glycerol, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 10 mg/ml pepstatin, 1 mM benzimidine, and 2 mM phenylmethane sulphonylfluoride) for 30 min with rotation at 4°C. Lysates were clarified by centrifugation at 16000ϫg for 10 min at 4°C. For nuclear protein extraction, nuclear proteins were obtained in three steps. After kahweol treatment, cells were harvested and lysed in 500 ml of lysis buffer (50 mM KCl, 0.5% Nonidet P-40, 25 mM N-(2-hydroxyethyl)-piperazine-NЈ-2-ethanesulfonic acid (HEPES), 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 20 mg/ml aprotinin and 100 mM 1,4-dithiothreitol) on ice for 4 min. Cells lysates were centrifuged at 14000 rpm for 1 min at 4°C. In the second step, the pellet was washed with the wash buffer, which was the same as the lysis buffer excluding Nonidet P-40. In the final step, the nuclei were incubated with an ex- (A-C) RAW264.7 cells (5ϫ10 6 cells/ml) pre-treated with kahweol for 1 h were stimulated in the absence or presence of LPS (1 mg/ml) for 15, 60, and 120 min. After preparation of the nuclear fraction, the phospho-or total protein levels of p65, ATF2, cJun, c-fos, STAT-1, b-actin and lamin A/C were determined by immunoblotting analysis with phospho-or total protein antibodies. RI (relative intensity) was measured by densitometry scanning.
Fig. 5. Effect of Kahweol on the Activation of Intracellular Signaling Enzymes
(A-C) RAW264.7 cells (5ϫ10 6 cells/ml) pre-treated with kahweol for 1 h were stimulated in the absence or presence of LPS (1 mg/ml) for 2.5, 30, and 120 min. After immunoblotting, the phospho-or total protein levels of p85, Akt, JAK-2, MAPK (ERK, p38, and JNK) and b-actin were determined by phospho-specific or total protein antibodies. RI (relative intensity) was measured by densitometry scanning. traction buffer (500 mM KCl, 10% glycerol, 10 mM HEPES, 300 mM NaCl, 0.1 mM 1,4-dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mg/ml leupeptin and 2 mg/ml aprotinin) and centrifuged at 14000 rpm for 5 min. Supernatant was collected as nuclear protein extract. Soluble cell lysates were immunoblotted and levels of testing proteins were visualized as previously reported.
20)
Statistical Analysis A Student's t-test and one-way ANOVA were used to determine statistical significance. Data expressed as meansϮstandard errors (S.E.M.) are taken from at least three independent experiments performed in triplicate ( Figs. 2A-C, 6A ). The data (Figs. 3-5 , 6B, C) are representative of three different experiments with similar results. pϽ0.05 was considered statistically significant.
RESULTS AND DISCUSSION
We show that coffee-derived diterpene kahweol blocks STAT-1-mediated inflammatory responses in LPS-stimulated macrophages. Kahweol dose-dependently suppressed the production of NO ( Fig. 2A) and PGE 2 (Fig. 2B) in macrophages under LPS stimulation (IC 50 ϭ54.3 or 23.2 mM), as did standard compounds (LY294002 and wortmannin) (data not shown), but did not affect cell viability (Fig. 2C) . However, this potency was lower than a previous IC 50 value of 1 to 5 mM.
15) The discrepancy seems due to some impurity or different experimental conditions, such as cell lines. Kahweol inhibited mRNA levels of COX-2 and iNOS to suppress NO and PGE 2 (Fig. 3) , indicating a role for kahweol on transcription. 21, 22) The transcriptional control of inflammatory mediators from activated macrophages is mainly managed by redoxsensitive transcription factors such as NF-kB and AP-1. Indeed, kahweol can block NF-kB activation. 15) We therefore measured the translocation levels of c-Jun, c-fos, ATF2, and STAT-1 in the nuclear fraction from LPS-treated RAW264.7 cells using immunoblot analysis of nuclear extracts. Kahweol (100 mM) decreased p65 translocation to the nuclear fraction (Fig. 4A) , as reported previously, 15) but it did not inhibit phosphorylation machinery of p65. The translocation of AP-1 (c-Jun and c-fos) and ATF-2 was not suppressed by kahweol (Figs. 4A, B) . Interestingly, kahweol reduced nuclear and cytoplasmic levels of phospho-STAT-1 without altering its total level (Fig. 4C) , implying that kahweol inhibits phosphorylation rather than translocation.
Kahweol blocked the phosphorylation of Akt, an important event for NF-kB activation and translocation, 23) but weakly suppressed p85 phosphorylation (Fig. 5A) , a regula- (A) RAW264.7 cells (1ϫ10 6 cells/ml) were incubated with AG490 in the presence of LPS (1 mg/ml) for 24 h. Culture supernatants were assayed for NO and PGE 2 determination by Griess assay and EIA. Cell viability was determined by MTT assay. (B-D) RAW264.7 cells (5ϫ10 6 cells/ml) were incubated with AG490, LY294002, and piceatannol in the presence or absence of LPS (1 mg/ml) for 6 h (B), 120 min (C) or 15 min (D). The mRNA levels (B) of iNOS, COX-2, and GAPDH were determined by semi-quantitative RT-PCR. After preparation of nuclear fraction (C, D), the phospho-or total protein levels of p65, STAT-1, and lamin A/C were determined by immunoblotting analysis with their phospho-or total protein antibodies. RI (relative intensity) was measured by densitometry scanning. * * pϽ0.01 compared to control. tory subunit of phosphatidyl inositol 3-kinase (PI3K). 24) Kahweol only suppressed the phosphorylation of p38 but not ERK and JNK (Fig. 5B) , principle signaling molecules for AP-1 translocation. 25) However, there was no strikingly altered level of AP-1 translocation by this compound (Fig. 4B) , the inhibition of p38 seems to be independent in kahweol's pharmacology. Kahweol did suppress the phosphorylation of JAK-2, which is required for STAT-1 activation, although the inhibitory effect of this compound was not stronger than that of JAK-2 inhibitor AG490 (Fig. 5C) . Therefore, kahweol inhibition seems to be mediated by modulating the levels of total or phospho-forms of nuclear NF-kB and STAT-1. Since it has been generally known that phosphorylation of an enzyme is essential for its kinase activity, 26) kahweol may be involved in direct suppression of JAK2 activity. Supportive evidence will be further obtained by a direct kinase assay with purified JAK2 and a molecular modeling study.
AG490, a strong inhibitor of JAK-1/STAT-1 signaling pathways, 27) showed a similar inhibitory pattern to kahweol and suppressed the production of NO and PGE 2 in LPS-activated RAW264.7 cells at 50 mM, without altering cell viability (Fig. 6A) . Furthermore, AG490 blocked mRNA levels of COX-2 and iNOS (Fig. 6B ). In agreement with previous papers, 17) AG490 strongly blocked the level of phosphorylated STAT-1 into the nucleus (Fig. 6C) . However, unlike kahweol, AG490 failed to block the translocation of phospho-STAT-1. The nuclear translocation level of p65 was not also blocked by this compound, whereas piceatannol, Syk inhibitor, and LY294002, PI3K/Akt inhibitor, blocked its translocation up to 50 to 70% (Fig. 6D) , suggesting that JAK-2 activity is not directly required for NF-kB activation. Therefore, JAK-2/STAT-1 signaling pathways could be a NFkB-independent unique event for the production of NO and COX-2 during LPS stimulation 28) and could be the prime target of kahweol inhibition.
The mechanism of kahweol suppression of JAK-2/STAT-1 signaling is still unclear. Kahweol can inhibit the expression of adhesion molecules such as vascular cell adhesion molecule 1 (VCAM-1) and intercellular cell adhesion molecule 1 (ICAM-1) via JAK2-PI3K/Akt/NF-kB pathway in human endothelial cells, 29) and may also directly inhibit of JAK2. However, since 1) several JAK-2 inhibitors such as AG490 27) and curcumin 30) are structurally distinct from kahweol; and 2) kahweol did not strongly inhibit JAK2 phosphorylation, it could be considered that there is additional indirect pathway for the blockade of STAT-1 phosphorylation. Particularly, the facts that 1) total nuclear STAT-1 levels did not change in the nuclear fraction; and 2) kahweol weakly inhibited cytosolic STAT-1 phosphorylation (Fig. 4C) indicate that it may dephosphorylate translocated phospho-STAT-1 in the nucleus. Whether this compound acts as either a direct inhibitor of JAK2 or an activator of STAT-1 specific phosphatase requires further study.
Conclusively, we found that kahweol inhibited NO and PGE 2 production in LPS-treated RAW264.7 cells at the transcriptional level. In particular, this compound down-regulated the phosphorylation of nuclear NF-kB and STAT-1 but not c-Jun and c-Fos (AP-1) (Fig. 7) . In conjunction, this compound suppressed the phosphorylation of Akt and JAK2, which are upstream signaling components for the activation of NF-kB and STAT-1 as summarized in Fig. 7 . Therefore, our data suggest that kahweol can act as an anti-inflammatory modulator by targeting NF-kB/STAT-1. 
